Introduction
Major histocompatibility complex class I (MHCI) proteins are known for their immune roles (Neefjes and Momburg, 1993; Rammensee et al., 1993) and have additional functions in the healthy nervous system. MHCI is expressed by neurons in the developing and adult brain, and is present at synapses (Corriveau et al., 1998; Lidman et al., 1999; Huh et al., 2000; Goddard et al., 2007; Ribic et al., 2011; Chacon and Boulanger, 2013) . Several lines of evidence suggest that MHCI regulates the number and location of synaptic connections. MHCI is required for the elimination of developing retinogeniculate synapses (Huh et al., 2000; Datwani et al., 2009; Lee et al., 2014) , limits cortical ocular dominance plasticity (Datwani et al., 2009) , and negatively regulates synapse density in cortical neurons (Glynn et al., 2011; Elmer et al., 2013) .
A critical step toward understanding how MHCI controls neuronal connectivity is to identify the molecular mediators of neuronal MHCI signaling. Several immunoreceptors for MHCI have been detected in the brain (Syken and Shatz, 2003; Bryceson et al., 2005; Syken et al., 2006; Zohar et al., 2008) , and at least one, paired Ig-like receptor B (PirB), can bind to neuronal MHCI. However, mice expressing a dominant-negative form of PirB, unlike MHCI-deficient mice, have normal retinogeniculate synapse elimination (Syken et al., 2006) , indicating that MHCI uses other signaling pathways to regulate connectivity in the developing nervous system. Dozens of proteins can form macromolecular complexes with MHCI (Ojcius et al., 2002) . In liver cells and other non-neuronal cell types, MHCI can regulate signaling and glucose uptake mediated by the insulin receptor (Chvatchko et al., 1983; Due et al., 1986; Edidin and Reiland, 1990; Liegler et al., 1991) . In neurons, glucose uptake is thought to be largely insulin independent (Tomlinson and Gardiner, 2008) . Instead, insulin signaling in neurons has been implicated in the regulation of learning and memory, synaptic plasticity, glutamate receptor trafficking, neurite growth, and synapse density (Wan et al., 1997; Zhao et al., 1999; Brüning et al., 2000; Man et al., 2000; Tomioka et al., 2006; Chiu et al., 2008; Lee et al., 2011) . Insulin receptors are enriched at the postsynaptic density in acutely dissociated hippocampal neurons (Abbott et al., 1999) . Current studies support a model in which insulin receptor signaling increases synapse density. Insulin treatment increases dendritic spine density in neonatal mouse hippocampal neurons in vitro (Lee et al., 2011) , while dominantnegative insulin receptor constructs reduce synapse density in the developing Xenopus visual system (Chiu et al., 2008) .
Here we show that MHCI limits synapse density in the hippocampus by inhibiting insulin receptor signaling. Insulin receptor signaling is tonically activated in MHCI-deficient mice, and inhibiting insulin receptor signaling rescues synapse number in these transgenic mice, suggesting that loss of MHCI relieves a tonic brake on insulin receptor signaling to increase synapse density. MHCI forms a macromolecular complex with the insulin receptor, and unmasks an epitope of the insulin receptor that mediates downstream signaling. These studies identify insulin receptor signaling as a new pathway by which MHCI regulates synapse density.
Materials and Methods
Animals. Animal work was performed in accordance with the University of California, San Diego, and Princeton University Institutional Animal Care and Use Committees. Wild-type (WT) C57BL/6 mice, and actin-GFP, ␤2m
Ϫ/Ϫ TAP Ϫ/Ϫ , and K bϪ/Ϫ D bϪ/Ϫ mice, all on a C57BL/6 background and backcrossed to WT more than eight times, were used. All mice were male, age postnatal day 30 (P30) to P32, unless otherwise specified. To reduce cell surface expression of most of the Ͼ50 MHCI proteins found in the mouse, we used ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ animals. These mice lack two key components of the MHCI expression pathway: ␤ 2 -microglobulin (␤ 2 m), an invariant light chain of the MHCI complex; and the transporter associated with antigen processing 1 (TAP1), an endoplasmic reticulum-expressed transporter required to load antigenic peptides onto MHCI. Double-mutant ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice lack stable cell surface expression of most MHCI proteins, and have been used extensively to study the immunological functions of MHCI (Zijlstra et al., 1989; Van Kaer et al., 1992; Ljunggren et al., 1995) . K bϪ/Ϫ D bϪ/Ϫ mice lack expression of the two classic MHCI genes in C57BL/6 mice, H2-K and H2-D (Vugmeyster et al., 1998; Schott et al., 2003) . WT actin-GFP mice express the GFP transgene under the control of the ␤-actin promoter (Okabe et al., 1997) . Neuron-specific insulin receptor knock-out (NIRKO) mice lack insulin receptor expression in nestin-expressing cells (Brüning et al., 2000) , which includes most cell types in the mature brain. Transgenic mice were compared with strain-matched controls by experimenters blind to genotype.
Immunostaining. For immunohistochemistry, mice were anesthetized to a surgical plane of consciousness with isoflurane and perfused with 1ϫ PBS at 37°C, followed by 4% PFA at room temperature (RT). Brains were dissected out, post-fixed in PFA, and cryoprotected overnight (O/N) in 10 -30% sucrose (Sigma). Brains were frozen at Ϫ20°C in OCT and cryostat sectioned (20 m). Sections were mounted on Superfrost Plus Slides (Fisher Scientific), allowed to air dry 2 h, and then washed and blocked in 3% BSA plus 0.3% Triton X-100. Slides were incubated O/N at 4°C in the following primary antibodies: insulin receptor ␤ (C19, 2 g/ ml, Santa Cruz Biotechnology; RTK, 611276, 5 g/ml, BD Transduction Laboratories); MAP2 (MAB378, 1 g/ml, Millipore Bioscience Research Reagents); TAU (MAB3420, 1 g/ml, Millipore Bioscience Research Reagents); MHCI (OX18, MCA51R, 10 g/ml, Serotec; no Triton X-100 used); calbindin (D-28K, C9848, 14 g/ml, Sigma, block in 2% goat serum); or synaptophysin (SY38 1 g/ml, Millipore Bioscience Research Reagents). Isotype-matched Ig (R&D Systems) was used in the same quantity as the primary antibody as a negative control. After washes, slides were incubated in secondary antibody (Alexa Fluor 488 or 568 IgG, 2 g/ml, Invitrogen) for 2 h at RT in the dark. Following washes and 3 h of air drying, slides were coverslipped using Gel Mount (Sigma).
For antigen retrieval, brain sections were incubated in urea buffer (100 mM Tris, 5% w/v urea, pH 9.5) for 4 min at 95°C before blocking, washed in PBS, and then processed for immunostaining as above.
For immunocytochemistry, neurons [16] [17] [18] [19] [20] ] were fixed in 4% PFA/4% sucrose for 15 min followed by quenching in 100 mM glycine-PBS to block free aldehyde groups. Cells were blocked in 0.2% BSA plus 0.05% saponin (BSA-saponin-PBS) for 45 min at 37°C, then incubated for 45 min at RT in the following primary antibodies: insulin receptor ␤ (C19, 2 g/mL; D17, 2 g/mL, Santa Cruz; or RTK, 611276, 5 g/mL, BD Transduction Labs), insulin receptor ␣ (N20, 2 g/mL, Santa Cruz; saponin omitted for surface staining), Calbindin (D-28K, 74 g/mL), or GFP (ab6673, 0.3 g/mL, Abcam). Coverslips were washed, incubated in secondary antibody (Alexa Fluor 488 or 568 IgG, 2 g/ml) for 45 min at RT, washed, and mounted on slides with Gel Mount.
All staining was visualized with fluorescence microscopy using an Olympus BX51W microscope. All within-experiment comparisons were made from samples prepared from mice of the same genotype, age, and sex; perfused on the same day; processed under the same conditions; mounted on the same slide; and visualized using the same settings. For double labeling, neurons were incubated in a cocktail of both antibodies.
Dissociated hippocampal cultures. Low-density hippocampal cultures were prepared from newborn (P0) mice as previously described (Fourgeaud et al., 2010) . Briefly, hippocampi were dissected out, dissociated with trypsin, and triturated. Neurons were plated at a density of ϳ12,000 cells/cm 2 on poly-L-lysine-coated coverslips. Arabinofuranosylcytosine (5 M) was added at 6 DIV to limit glial proliferation. For cocultures, ϳ6000 cells/cm 2 each genotype were plated per coverslip. For ␤ 2 m-or insulin-treated cultures, 16 DIV hippocampal cultures were treated with 10 M recombinant ␤ 2 m (catalog #M4890, Sigma) or 1.5 M bovine insulin (catalog #I0516, Sigma) for 1 h or 30 min, respectively, in conditioned media.
Organotypic hippocampal slice cultures treated with rapamycin. Organotypic hippocampal slice cultures were prepared from P7 WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mouse pups. Mice were anesthetized, decapitated, and their hippocampi rapidly microdissected in ice-cold, oxygenated, lowsodium artificial CSF (ACSF; in mM: 1 CaCl 2 , 5 D-glucose, 2 KCl, 5 MgCl 2 , 13 NaHCO 3 , and 117 sucrose). Dissected hippocampi were transferred to the stage of a McIlwain tissue chopper (Stoelting) and sectioned into 400 m slices. Slices were submerged in slice culture media (DMEM supplemented with 5% horse serum, 0.5 mg of human insulin, 0.001% ascorbic acid, 1 mM L-glutamine, 1 mM CaCl 2 , 2 mM MgSO 4 , 6 mM D-glucose, 2.6 mM NaHCO 3 , and 15 mM HEPES), and intact slices were selected for culturing. Slices were placed on Millicell Cell Culture Inserts (30 mm; hydrophilic polytetrafluoroethylene, 0.4 m; Millipore) in a six-well plate and cultured for 1 week in slice culture media at 37°C in a 95%O 2 /5%CO 2 incubator. Media contained either 0.2 M rapamycin in DMSO or an equal volume of DMSO alone (vehicle control).
Acute hippocampal slice preparations treated with insulin. Coronal brain slices (350 m thick) were cut in ACSF [containing the following (in mM): 117 NaCl, 4.7 KCl, 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 11 Dextrose, 2.5 CaCl 2 , 1.2 MgCl 2 ] and were allowed to recover for 30 min in oxygenated ACSF at 31°C, followed by 30 min at RT. Subsets of these preparations were routinely used for electrophysiological recordings in other studies, allowing us to assess the health of the neurons. Half the sections from one animal were treated for 30 min with 1.5 M bovine insulin in 25 mM HEPES, and the other half with HEPES alone. Hippocampi were dissected out and processed for lysis and immunoprecipitation (see below) in the presence of phosphatase inhibitor cocktail (PhosStop, Roche, following manufacturer specifications), or slices were fixed, cryosectioned, and immunostained as above.
Western blotting. Mice were anesthetized with isoflurane followed by rapid decapitation. Hippocampi were dissected out in cold 1ϫ PBS and homogenized with a handheld tissue grinder in lysis buffer containing 20 mM Tris, pH 7.5, 1 mM EDTA, pH 8, 150 mM NaCl, 1% NP40, and protease (Complete Tabs), and phosphatase (PhosStop, Roche) inhibitor cocktails. After 30 min on ice, samples were centrifuged to remove insoluble material. Protein quantification was performed using a BCA Protein Assay Kit (Pierce). Samples were heat denatured in 2ϫ SDS sample buffer/lysis buffer (125 mM Tris, pH 6.8, 4% SDS, 10% glycerol, 0.006% bromophenol blue, 1.8% ␤-mercaptoethanol) at 85°C for 5 min and separated using standard SDS-PAGE. Proteins were then transferred onto a PVDF membrane (Millipore). Membranes were blocked in 5% milk/1ϫ TBS/0.1% Tween, then incubated O/N at 4°C with the following primary antibodies: insulin receptor ␤ (RTK, 611276, 5 g/ml, BD Transduction Laboratories; C19, 200 g/ml, Santa Cruz Biotechnology); MHCI (OX18, MCA51R, 1 mg/ml, Serotec); GluR1 (AB1504, 100 g/ml, Millipore Bioscience Research Reagents); GAPDH (MAB374, 10 g/ml, Millipore Bioscience Research Reagents); synaptophysin (MAB5258, 10 g/ml, Millipore Bioscience Research Reagents); pTyr (4G10, 0.5 g/ml, Millipore; block 2% BSA instead of milk); insulin receptor ␣ (N20, 200 g/ml, Santa Cruz Biotechnology); PI3-kinase (PI3K; p85, clone 06 -497, 200 g/ml, Millipore); or phospho-mitogen-activated protein kinase (MAPK)/extracellular signal-related kinase (ERK) 1/2 (Thr 202/Tyr 204; 9101, 0.15 g/ml, Cell Signaling Technology). After washes, membranes were incubated for 1 h at RT in secondary antibody (peroxidaseconjugated AffiniPure IgG, 0.1-0.2 g/ml; The Jackson Laboratory). Bands were visualized using chemiluminescence (Pierce) and quantified by densitometry using ImageJ Software (National Institutes of Health).
Immunoprecipitation. Protein lysates (1 mg) were incubated O/N at 4°C with 2 g of antibody. Samples were combined with 50 l of prewashed Protein G beads (Promega) in lysis buffer and rotated for 3 h at 4°C. Beads were collected by centrifugation and washed three times in cold lysis buffer. Immunoprecipitates were eluted directly in SDS sample buffer at 85°C for 10 min.
Surface biotinylation of live hippocampal slices. Acute hippocampal slices (see above) were washed in ice-cold ACSF and incubated in ACSF containing 1 mg/ml sulfosuccinimidyl-6-(biotinamido) hexanoate (Pierce) for 1 h at 4°C. Unreacted biotinylation reagent was removed by two washes in cold ACSF and quenched with two washes in cold ACSF plus 100 mM glycine. Hippocampi were then homogenized as described above. To pull down biotinylated proteins, 250 g of each lysate was incubated with 50 l of streptavidin agarose beads (Endogen) O/N at 4°C. After several washes in lysis buffer and one wash in 50 mM Tris-HCl, pH 7.4, surface proteins were eluted into SDS sample buffer and processed for Western blotting as above.
Subcellular fractionation. For each experiment, two sex-matched 4-to 5-week-old animals of each genotype were used as described previously (Fourgeaud et al., 2010) . Briefly, hippocampi were homogenized in 10 volumes of HEPES sucrose buffer using a glass-Teflon homogenizer and were centrifuged. The pellet (P1), containing the nuclei and large insoluble fragments, was discarded. The supernatant (S1), corresponding to the total protein fraction, was centrifuged to isolate a washed, crude, synaptosomal pellet (P2Ј). P2Ј was lysed by hypo-osmotic shock in water and rapidly adjusted to 4 mM HEPES. The P2Ј lysate was centrifuged to generate a crude synaptosomal membrane fraction (P3) and a crude synaptic vesicle fraction (S3). Fractionation efficiency was confirmed by Western blot using an antibody against the synaptically localized protein synaptophysin (SY38 0.3 g/ml, Millipore Bioscience Research Reagents). Synaptophysin was enriched at all steps of the fractionation process, indicating successful enrichment of synaptic proteins.
FITC-insulin labeling. Hippocampal neurons (16 DIV) were live labeled for 15 min at 37°C in the presence of 200 nM FITC-conjugated insulin (Invitrogen) diluted in conditioned media. After washes in cold PBS, neurons were fixed and bound FITC insulin was visualized by fluorescence microscopy.
Electron microscopy. Mice were transcardially perfused with 1ϫ PBS at 37°C, followed by 2% PFA/2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4. Brains were dissected out and post-fixed O/N at 4°C, then were thick sectioned on a vibratome (300 m coronal sections). Seven thick sections, encompassing the entire hippocampus, were obtained from each animal, and the second most anterior section was processed for electron microscopy (EM). Following three washes in sodium cacodylate for 15 min and two washes in double-distilled H 2 O (ddH 2 O), sections were incubated in 1% OsO 4 /0.5% potassium ferrocyanate for 1 h, washed in ddH 2 O, incubated in 1% uranyl acetate 30 min, washed in ddH 2 O, dehydrated in an EtOH series, incubated in SciPoxy resin/EtOH without DMP30 for 48 h at 65°C, incubated in pure resin without DMP30 under vacuum for 1 h, incubated with DMP30 for 1 h, cut into thin (ϳ90 nm; silver) sections, and mounted on Formvar/carbon slot grids. EM images were collected at 10,000ϫ magnification. For CA3, images were collected from stratum lucidum, at the center of the curve of CA3, 50 m from the pyramidal cell layer. For CA1, images were collected from stratum radiatum, directly above the upper tip of the dentate and 50 m below the CA1 pyramidal cell layer. Care was taken to image non-overlapping areas. Synapses (ultrastructurally defined as postsynaptic densities with closely apposed presynaptic boutons filled with synaptic vesicles) were independently counted by multiple observers who were blind to genotype in 15 images from CA3 and 15 from CA1 for each animal, representing a total area of 400 m 2 per animal in each region. For EM of hippocampal slice cultures, individual slices were fixed overnight in 4% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at 4°C. Slices were transferred to 0.2 M sodium cacodylate buffer, pH 7.4, and stored at 4°C. CA3 tissue was dissected as above. Sections were washed in sodium cacodylate buffer 2ϫ 10 min, post-fixed in 1% OsO 4 in 0.1 M cacodylate buffer for 1 h, dehydrated in graded series of ethanol (50%, 70%, 90%, and 100%, each 1ϫ 10 min), defatted in 100% acetone 2ϫ 10 min, incubated in 1:1 acetone/Epon resin for 1 h with rotation, incubated O/N in 1:3 acetone/Epon resin with rotation, washed in 100% Epon resin 2ϫ 30 min each, and embedded in 100% resin at 70°C O/N. Ninety-seven nanometer sections were picked up on a 200 mesh copper grid, and sections were stained with uranyl acetate for 10 min and lead citrate for 2 min. Images were collected on a Zeiss 9132AB microscope at 4000ϫ magnification. Fifty images, each 66.3 m 2 , were collected from one slice per animal. Synapses were counted independently in every image by two observers who were blind to genotype and treatment.
Blood glucose levels. Blood samples from tail puncture of 6-month-old male or female mice were assayed using a Precision Xtra blood glucose monitor (MediSense). Blood glucose measurements were obtained between 8:00 and 10 A.M. at the end of a 24 h fast.
Plasma and CSF insulin levels. CSF was extracted from age-and sexmatched littermates, as described previously (Nirogi et al., 2009 ). Blood was extracted from the heart of the same animals, heparin (1000 U/ml) was added, and plasma was isolated by centrifugation. CSF and blood were assayed for insulin levels using a Mouse Insulin Ultrasenstive EIA Kit (80-INSMSU-E01, ALPCO). Our results are consistent with published values (Ranheim et al., 1997; Koevary et al., 2003) .
Food intake and body weight studies. To measure food intake, 4-monthold mice were provided with preweighed food. Food and mice were weighed every day for 4 d. Food intake (food consumed per day per mouse in milligrams) was normalized to mouse body weight (the average body weight of the mouse measured over a 4 d period and reported in grams).
Life span analysis. Age-and sex-matched, nonmating mice were housed under identical conditions and fed a standard chow diet, and their date of death was recorded. Mice that died from a clear pathology (i.e., injury, tumor, infection) were omitted from the final analysis (a total of five animals were excluded: three WT and two ␤2m
For all experiments, means are reported Ϯ SEM. Statistical comparisons of the data were performed using GraphPad InStat, version 3.06.
Results
MHCI negatively regulates synapse density in multiple regions of the vertebrate brain, but the underlying molecular mechanisms remain largely unknown. Here we explored the hypothesis that endogenous MHCI limits synapse density in the hippocampus by inhibiting the synapse-promoting effects of the insulin receptor.
Insulin receptor signaling is constitutively activated in neurons that express reduced cell surface levels of MHCI Upon ligand binding, the insulin receptor is autophosphorylated on tyrosine residues. If endogenous MHCI normally inhibits insulin receptor signaling, then reducing MHCI levels might increase insulin receptor phosphorylation. To test this prediction, insulin receptors were immunoprecipitated from hippocampal slices from WT and MHCI-deficient mice (␤2m Ϫ/Ϫ TAP Ϫ/Ϫ ; see Materials and Methods), and were probed for phosphotyrosine. Total insulin receptor levels are normal in the hippocampus of MHCI-deficient animals (Figs. 1A, 2C-E). As expected, insulin receptors from untreated WT slices are not detectably phosphorylated in the presence of low basal levels of insulin, but become rapidly phosphorylated upon exposure to exogenous insulin. In contrast, insulin receptors from MHCI-deficient ␤2m
hippocampi show significant basal phosphorylation, which is comparable in magnitude to insulin-stimulated phosphorylation in WT slices (Fig. 1A) . Thus, insulin receptors may be maximally phosphorylated in the basal state in the MHCI-deficient hippocampus. Consistent with this possibility, the application of high levels of insulin failed to further increase receptor phosphorylation in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ slices, indicating total occlusion of neuronal insulin sensitivity in the absence of MHCI (Fig. 1A) . Elevated basal insulin receptor phosphorylation in MHCI-deficient hippocampus is not caused by an increase in levels of circulating insulin, since plasma and CSF insulin levels and fasting blood glucose levels are all normal in ␤2m Fig. 6A -C). Thus, increased neuronal insulin receptor signaling in MHCI-deficient neurons is not secondary to systemic or local changes in insulin availability, but reflects a role for MHCI in inhibiting neuronal insulin receptor signaling.
To determine whether MHCI specifically inhibits aspects of insulin receptor signaling that are required for insulinstimulated increases in synapse number, PI3-kinase (PI3K) and extracellular signal-related kinase (ERK)1/2 activation were examined in MHCI-deficient hippocampus. Following insulin receptor autophosphorylation, insulin can trigger diverse downstream second messenger cascades, including PI3K and the MAPK/ ERK1/2 pathway (the Ras-Raf-MEK-ERK1/2 pathway (White and Kahn, 1994) . Insulin-stimulated increases in hippocampal synapse density in vitro require activation of PI3K, but not ERK1/2
IRβ -100 -37 kDa pTyr -100 Ϫ/Ϫ TAP Ϫ/Ϫ hippocampal lysates prepared from live brain slices incubated in the presence or absence of insulin, probed for phosphotyrosine (pTyr), insulin receptor ␤ (IR␤; C19), PI3K, or the abundant intracellular protein GAPDH. While total levels of insulin receptor and PI3K proteins are normal, the proportion of insulin receptor and PI3K that is phosphorylated in the basal state is significantly elevated in ␤2m
hippocampus. Histograms show the mean pTyr labeling intensity normalized to total insulin receptor or PI3K labeling within the experiment ϮSEM, reported in arbitrary units (a.u. Lee et al., 2011) . Therefore, we predicted that loss of MHCI would disinhibit PI3K activation, but might not affect ERK1/2 activation. Indeed, in MHCI-deficient neurons, constitutive insulin receptor phosphorylation is associated with elevated basal phosphorylation of PI3K (Fig. 1B) , but no significant change in ERK1/2 phosphorylation (89 Ϯ 17% of WT, n ϭ 5). Thus, endogenous MHCI prevents tonic activation of PI3K, a mediator of insulin-stimulated increases in synapse number.
Synapse number is selectively increased in insulin receptorexpressing regions of hippocampus in MHCI-deficient mice
Insulin treatment increases spine density in mouse hippocampal neurons in vitro (Lee et al., 2011) . Therefore, we hypothesized that elevated insulin receptor phosphorylation in MHCIdeficient mice might cause an increase in synapse density. A key prediction of this hypothesis is that increased synapse density should be restricted to regions where insulin receptors are expressed.
Previous studies using in situ hybridization and radiolabeled insulin suggest that insulin receptor mRNA and protein are widely expressed in brain (Havrankova et al., 1978; Baron Van Evercooren et al., 1991; Kar et al., 1997) . However, insulin can bind to other cell surface proteins, including the insulin-like growth factor 1 receptor (IGF1R; Sosa et al., 2006) , and therefore insulin binding may overestimate the extent of insulin receptor expression. To characterize insulin receptor protein expression in the brain, immunostaining was performed on permeabilized mouse brain sections using an antibody that is specific for insulin receptors and does not cross-react with IGF1Rs (EntinghPearsall and Kahn, 2004; Baudler et al., 2005) . This antibody (clone C19) recognizes an intracellular epitope of the ␤-subunit of the insulin receptor. Immunostaining with this antibody is abolished in animals that lack insulin receptor expression in brain (i.e., NIRKO mice; Brüning et al., 2000) , confirming its specificity for the insulin receptor (Fig. 1C) . Strong, specific insulin receptor immunostaining was detected in the hippocampus in WT animals. Dense labeling is apparent in stratum lucidum of area CA3, which includes mossy fiber axons from the dentate gyrus granule cells, which form synapses on CA3 pyramidal neurons. In contrast, no labeling is present in the proximal neuropil of area CA1, which includes Schaffer collateral axons from CA3 pyramidal cells, which make synapses onto the dendrites of CA1 pyramidal neurons ( Fig. 1C ; see also Fig. 4) .
To test whether increases in synapse number in MHCIdeficient brain are specifically associated with regions where insulin receptors are expressed, synapses were counted using electron microscopy in stratum lucidum of CA3, where insulin receptors are expressed, or proximal stratum radiatum of CA1, where insulin receptors are not detected (Fig. 1C, boxed areas) . Both samples included synapses made onto the proximal dendrites of pyramidal neurons that express MHCI (Huh et al., 2000) . Synapses were defined ultrastructurally and were counted over an identical area (400 m 2 of the neuropil) in WT and MHCI-deficient animals.
Synaptic morphology is qualitatively indistinguishable in WT and MHCI-deficient hippocampi (Fig. 1D) , 101 Ϯ 12.4%; n ϭ 3. E, Western blots of total (S1) and synaptic (P3) fractions from hippocampus probed for IR␤ (C19) and the presynaptic protein synaptophysin (Syn). Synaptic levels of insulin receptor protein are indistinguishable between genotypes. S1: WT, 100 Ϯ 13.0%; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ , 100 Ϯ 3.0%; n ϭ 6 animals; P3: WT, 100 Ϯ 5.0%; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ , 108 Ϯ 4.0%; n ϭ 6.
then inhibiting insulin receptor signaling should rescue synapse number in MHCI-deficient brain. To specifically inhibit the arm of insulin receptor signaling that is required to promote synapse number, we incubated organotypic hippocampal slice cultures in the mammalian target of rapamycin (mTOR) inhibitor rapamycin. mTOR mediates insulin-induced increases in synapse number in hippocampal neurons, and insulin-stimulated increases in hippocampal spine density in vitro are blocked by incubation in rapamycin (Lee et al., 2011). Rapamycin might not change synapse number in WT hippocampus, if insulin receptor signaling is already tonically inhibited by endogenous MHCI (Fig. 1 A, B) . Indeed, rapamycin had no effect on basal synapse density in WT hippocampal slice cultures, consistent with results in acutely dissociated hippocampal neurons (Lee et al., 2011) . Although rapamycin does not significantly affect synapse density in WT animals, it fully reverses the increase in synapse density caused by MHCI knockdown (Fig.  1 E, F ). These data demonstrate that increased synapse density in MHCI-deficient hippocampus can be rescued by inhibiting insulin receptor signaling via the mTOR pathway, and suggest that endogenous MHCI is a tonic brake on insulin receptor-induced enhancement of synapse density.
Insulin receptors can form a complex with MHCI in brain extracts
The results thus far indicate that MHCI inhibits insulin receptor phosphorylation and downstream signaling, and that restoring the inhibition of insulin signaling in MHCI-deficient mice rescues synapse number. How does MHCI influence insulin receptor function? To determine whether MHCI can interact with insulin receptors from neurons, coimmunoprecipitation experiments were performed. The anti-insulin receptor ␤-subunit antibody C19 recognizes a single band of the expected molecular weight in immunoblots of WT brain lysates, which is completely abolished in lysates from insulin receptor-deficient NIRKO animals (Brüning et al., 2000; Fig. 2A ), confirming the specificity of the C19 antibody for insulin receptors in Western blots of brain. Western blots of WT hippocampal lysates show two specific MHCI bands of 45 and 55 kDa, as previously reported (Huh et al., 2000) , consistent with the fact that this antibody recognizes multiple MHCI species in the 45-55 kDa range (Osawa et al., 1985) . Immunoprecipitation of endogenous insulin receptors from hippocampus selectively coprecipitated the 55 kDa MHCI band, but did not precipitate the 45 kDa MHCI band, the abundant intracellular protein GAPDH, or the synaptic transmembrane protein GluR1 (Fig. 2B) . Thus, insulin receptors form a macromolecular complex with MHCI proteins in brain extracts.
MHCI modifies a signaling epitope of the insulin receptor
How does MHCI influence insulin receptor phosphorylation? Insulin receptor levels are qualitatively normal in MHCIdeficient brain (Fig. 1 A, B) . Further quantitative analysis shows that total levels of both the ␣-and ␤-subunits of the insulin receptor are normal in Western blots of hippocampal lysates from MHCI-deficient animals ( Fig. 2C-E) . Cell surface and synaptic levels of insulin receptors are also normal in ␤2m
hippocampal lysates (Fig. 2 D, E) , suggesting that changes in the expression or trafficking of insulin receptors do not contribute significantly to MHCI-dependent changes in insulin receptor function.
To probe how MHCI affects insulin receptor phosphorylation and downstream signaling, we labeled native neuronal insulin receptors in WT and MHCI-deficient ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ animals using reagents that are sensitive to the conformation and accessibility of different epitopes (Fig. 3F ) . In the first set of experiments, brain sections were immunostained with an antibody (C19) that recognizes a C-terminal domain of the insulin receptor ␤-subunit. The epitope of the C19 antibody encompasses two tyrosine residues (Y1355 and Y1361) that are phosphorylated upon insulin binding and subsequently form part of the PI3K binding motif. This antibody robustly labels insulin receptors in Western blotting and immunostaining of WT brain (Figs. 1, 2) . Strikingly, although insulin receptors are detected at normal levels in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ brain using the C19 antibody under the denaturing conditions of Western blots, detection of native insulin receptors by this antibody was completely masked in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ hippocampal slices (Fig. 3 A, B,H ) . Similar results were obtained using a second antibody against a nearby epitope of the insulin receptor (RTK; Fig. 3C,F ) . A second line of MHCI-deficient mice (K bϪ/Ϫ D bϪ/Ϫ mice) also showed a significant reduction in insulin receptor immunolabeling relative to WT using the C19 antibody (Fig. 3D) . The inability to detect native insulin receptors with antibodies against these epitopes in two different lines of MHCI-deficient animals, despite the presence of normal levels of insulin receptor protein detectable under denaturing conditions, suggests that the accessibility of this functionally significant domain of the insulin receptor is regulated by MHCI.
Supporting an MHCI-dependent change in insulin receptor conformation, native insulin receptors could be detected in MHCI-deficient animals at normal levels by labeling with multiple reagents that bind distinct epitopes of the insulin receptor. First, WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ cultured hippocampal neurons were live labeled with fluorescein-conjugated insulin (FITCinsulin). Insulin binds to the extracellular ␣-subunits of the insulin receptor (Fig. 3F ) . Brief application of FITC-insulin to WT neurons yielded punctate cell surface labeling of the neurites and soma that was qualitatively indistinguishable from WT in ␤2m (Fig. 3G) . Thus, cell surface insulin receptors are able to bind normal levels of insulin in MHCI-deficient mice, consistent with the fact that cell surface insulin receptor levels measured by surface biotinylation are normal in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ neurons (Fig. 2D) . Similarly, immunostaining with two additional insulin receptor antibodies that detect extracellular epitopes yielded comparable staining in WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ hippocampal neurons (D17 and N20; Fig. 3 F, I ,J ). Thus, multiple lines of evidence suggest that insulin receptor expression is normal, and an intracellular, C-terminal epitope of the insulin receptor is selectively masked, in MHCI-deficient ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ neurons. If this epitope of the native insulin receptor is masked in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice, it should be possible to expose it using techniques that partially denature proteins and unmask epitopes. In support of this possibility, this epitope is readily detectable in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice under denaturing conditions in Western blots (Figs. 1 A, B, 2C-E) . Epitopes can also be unmasked in situ in tissue sections using antigen retrieval protocols, which dissociate protein interactions and denature protein structure, reducing steric interference that can occlude antibody binding sites (Shi et al., 2001) . Antigen retrieval treatment rescued C19 immunostaining in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ slices to levels that were indistinguishable from WT slices (Fig. 3E) . The ability to detect insulin receptor in MHCI-deficient brain using multiple approaches, and the inability to detect insulin receptors using RTK or C19 in these animals except under denaturing conditions in vitro or in vivo, together suggest that this intracellular epitope of the insulin receptorisselectivelymaskedinMHCI-deficient␤2m
rons. Since the C19 epitope includes tyrosine residues that are phosphorylated following insulin binding, one possibility is that elevated insulin receptor phosphorylation (Fig. 1A) prevents C19 from binding to the insulin receptor in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ neurons. However, insulin treatment (which causes phosphorylation of WT insulin receptors that mimics basal phosphorylation in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ neurons; Fig. 1A) is not sufficient to prevent the C19 antibody from binding to insulin receptors in WT brain slices or dissociated WT neurons (see Fig. 7 A, B) , suggesting that MHCI exerts additional effects on insulin receptor structure. Thus, endogenous MHCI exposes a cytoplasmic epitope of the insulin receptor in WT neurons, and changes in the conformation and/or accessibility of this epitope are associated with constitutive phosphorylation of insulin receptors and increased synapse density in MHCI-deficient neurons.
Insulin receptors are expressed in axons in close apposition to MHCI-positive dendrites in multiple brain regions
The data so far suggest that MHCI can form a complex with insulin receptors and regulate insulin receptor phosphorylation and downstream signaling. Dendritic spine density increases upon insulin treatment of hippocampal neurons in vitro (Lee et al., 2011) , and we find that loss of cell surface MHCI is associated with increased insulin receptor signaling and synapse density in regions of the hippocampus where insulin receptors are expressed. However, it is unknown whether MHCI influences neuronal insulin receptor signaling through cell-autonomous or non-cell-autonomous mechanisms.
MHCI is found in dendrites and colocalizes with the postsynaptic marker PSD-95 in dissociated mouse hippocampal neurons (Goddard et al., 2007) . To determine the subcellular localization of neuronal insulin receptors in the hippocampus, two approaches were taken. First, brain slices were coimmunostained for insulin receptors and markers of dendrites (MAP2) or axons (TAU). In area CA3 of hippocampus, insulin receptors colocalize extensively with TAU, but not MAP2 (Fig. 4 A, B Ϫ/Ϫ TAP Ϫ/Ϫ neurons (H), as is staining with IR␤ (RTK), which binds a nearby epitope (Fig. 3C,F,H) . I, J, However, insulin receptor protein is readily detectable in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ neurons when labeled with antibodies against distinct epitopes in the IR␤ (D17; I) or IR␣ (N20; J) subunits. Scale bar, 10 m.
these, insulin receptors are highly expressed in dentate granule cell axons (the mossy fibers), since insulin receptor labeling colocalizes with the dentate granule cell marker calbindin, both in hippocampal sections and in acutely dissociated hippocampal neurons in vitro (Fig. 4C,D) . Thus, insulin receptors, which form a complex with MHCI in brain lysates (Fig. 2B) , are expressed in the axons of neurons that form synapses onto MHCI-expressing dendrites in area CA3 of hippocampus. Together, these results suggest a model in which MHCI regulates neuronal insulin receptor signaling in a non-cell-autonomous juxtacrine or paracrine manner.
To determine whether MHCI and insulin receptors are expressed in a manner consistent with a non-cell-autonomous interaction in vivo, double labeling was performed with anti-insulin receptor ␤-antibody C19 and an anti-MHCI antibody, OX18, that recognizes multiple MHCI isoforms (Osawa et al., 1985) . Cell surface labeling with OX18 is markedly reduced in MHCIdeficient hippocampal neurons in vitro (Goddard et al., 2007) , supporting its specificity for MHCI proteins in these cells. Punctate MHCI labeling is detected in the soma and dendrites of CA3 pyramidal cells in hippocampal slices, which is consistent with previous findings in dissociated neurons in vitro (Goddard et al., 2007) . In stratum lucidum of the CA3 region, as expected, MHCI-positive dendrites are intermingled with insulin receptorpositive axons (Fig. 4E) . Thus, MHCI and insulin receptors do not appear to be coexpressed in the same subcellular compartments, but are expressed in closely apposed structures, suggesting that MHCI proteins might influence neuronal insulin receptors in a non-cell-autonomous manner in vivo.
Insulin receptor immunostaining with the C19 antibody is rescued by coculturing ␤2m
Ϫ/Ϫ TAP Ϫ/Ϫ neurons with WT neurons We reasoned that whether MHCI can affect insulin receptors non-cell-autonomously (i.e., in trans), exposing ␤2m
neurons to WT, MHCI-expressing neurons might unmask intracellular insulin receptor epitopes and rescue the loss of C19 immunolabeling. To directly test this, WT hippocampal neurons (identified by the expression of actin-GFP; see Materials and Methods) were cocultured with MHCI-deficient ␤2m
hippocampal neurons, and rescue of C19 immunostaining in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ (GFP-negative) neurons was assessed. In pure WT cultures, 100% of the cells expressed GFP, and at the density plated, on average 17 cells per coverslip were C19 positive (Fig.  5 A, E) . The C19-positive subset of cells in these hippocampal cultures are likely dentate granule neurons, because all C19-positive cells examined in WT hippocampal cultures also express calbindin, a dentate granule cell marker (Fig. 4D) . As expected, none of the cells in pure ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ cultures expressed GFP or showed labeling with C19 ( Fig. 5 B, F ) . When neurons of the two genotypes were cultured in the same dish in equal quantities, however, two distinct C19-positive populations were seen in approximately equal numbers, as follows: (1) GFP-positive neurons, which represent WT cells expressing insulin receptors that are normally detectable with the C19 antibody; and (2) GFPnegative ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ cells in which C19 labeling has been rescued (Fig. 5C, D, G) . Lower-power views (Fig. 5D, 10ϫ ) as well as analysis of confocal Z-stacks allowed unambiguous identification of GFP-negative, C19-positive neurons. The fact that insulin receptor ␤ (C19) immunostaining is present in identical numbers of GFP-positive (WT) and GFP-negative (MHCI-deficient) neurons, when the genotypes are plated at equal density, indicates that insulin receptor staining is restored in most, if not all, MHCI-deficient dentate granule cells. Since pure ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ hippocampal neurons never show C19 staining, these rescue experiments demonstrate that insulin receptor labeling in MHCI-deficient neurons can be rescued in trans by WT MHCIexpressing neurons.
Discussion
Here we show that MHCI negatively regulates synapse number by inhibiting the synapse-promoting effects of the insulin receptor. Endogenous MHCI forms a complex with the insulin receptor, prevents constitutive insulin receptor signaling, and limits synaptic density where insulin receptors are expressed. In MHCIdeficient brain, insulin receptor signaling is elevated, and reducing insulin receptor signaling rescues synapse number. These studies identify a regulatory interaction between MHCI and in- . Insulin receptors are expressed by axons in hippocampus and do not localize to the same cellular compartments as MHCI, consistent with non-cell-autonomous interactions. A, B, Double-label immunohistochemistry for IR␤ (green) and the dendritic marker MAP2 (red) or the axonal marker TAU (red). IR␤ does not colocalize with MAP2 (yellow, merge in A), but colocalizes with TAU (yellow, merge in B) in area CA3 stratum lucidum of WT hippocampus. Scale bars, 20 m. C, Double labeling for IR␤ (green) and the dentate granule cell marker calbindin (red). IR␤ and calbindin colocalize extensively in dentate granule cell axons (mossy fibers). Scale bar, 100 m. D, Double-label cytochemistry for IR␤ (green) and calbindin (red) in WT hippocampal cultures at 18 DIV. IR␤ labeling colocalizes with calbindin-positive neurons (yellow, merge). Scale bar, 10 m. E, P30 mouse hippocampus immunostained for IR␤ (green) and MHCI (red). Boxed region (top right) is magnified in bottom. Punctate MHCI labeling is detected in processes in apposition to IR␤-positive axons in stratum lucidum of hippocampus (merge). sp, Stratum pyramidale; sl, stratum lucidum. Scale bars: top, 100 m; bottom, 10 m.
sulin receptors in neurons, and suggest that increased synapse number in MHCIdeficient brain is a direct consequence of disrupting MHCI-insulin receptor interactions in vivo.
Endogenous levels of MHCI normally limit synapse number in the healthy brain, because decreasing MHCI expression significantly increases synapse density in hippocampus (Fig. 1E ) and cortex (Glynn et al., 2011; Elmer et al., 2013) . MHCI expression increases in aging and diseased neurons (Edström et al., 2004; Sinkus et al., 2013; Yang et al., 2013) , and when MHCI levels are experimentally increased, cortical synapse density decreases (Glynn et al., 2011; Elmer et al., 2013) . The transcription factor MEF2 (myocyte enhancer factor 2), a negative regulator of synapse density (Flavell et al., 2006) , is required for these experimentally elevated MHCI levels to reduce cortical synapse density. However, MEF2 is not required for normal levels of MHCI to regulate synapse number, because inhibiting MEF2 does not increase synapse density in WT cortical neurons (Elmer et al., 2013) . Thus, MHCI can negatively regulate synapse density via two partially distinct molecular pathways: higher-thannormal MHCI levels exaggerate the synapse-inhibiting effects of MEF2 to impair synaptic connectivity, while normal levels of MHCI limit the synapsepromoting effects of the insulin receptor, ensuring that synapses are established in appropriate quantities.
The current results suggest that synapse number may be elevated in ␤2m
TAP
Ϫ/Ϫ animals in other regions of the brain that express insulin receptors, including cerebral cortex (data not shown). Indeed, synapse number is elevated in neonatal mixed cortical cultures and adult cortical slices from ␤ 2 m-deficient animals (Glynn et al., 2011 Huh et al., 2000; Datwani et al., 2009; Lee et al., 2014) , suggesting that MHCI normally limits synapse number in the LGN, and perhaps elsewhere, by promoting synapse elimination.
Our coimmunoprecipitation results (Fig. 2B) suggest that insulin receptors interact with a subset of the MHCI proteins expressed in mouse brain. Spatial specificity conferred by the overlap of these particular MHCI proteins and insulin receptors may explain why synapse density is altered in MHCI-deficient mice, while several other processes that are influenced by neuronal insulin signaling, including food intake, body weight, and life span (Brüning et al., 2000) , are indistinguishable from WT ( Fig.  6D-F ) . Generally, the nonimmune functions of MHCI may be restricted to cell populations that express the appropriate MHCIbinding partner combinations. Our immunostaining results suggest that the C19 antibody may specifically detect the population of insulin receptors that is capable of insulin-stimulated responses, as a result of their association with MHCI. How does the loss of MHCI occlude a cytoplasmic epitope of the insulin receptor? The epitope is not occluded by insulin receptor phosphorylation, since triggering insulin receptor phosphorylation does not occlude it in WT neurons (Fig. 7 A, B) . Instead, occlusion most likely reflects an MHCI-dependent change in the cytoplasmic structure of the insulin receptor, perhaps analogous to cytoplasmic changes that are triggered by extracellular insulin binding. Cocrystalization of the MHCI-insulin receptor complex could ultimately help identify the sites in both proteins that mediate their interaction, and pro- . Blood glucose levels, plasma and CSF insulin levels, food intake, body weight, and life span are unchanged in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice. A, Blood glucose levels for male and female 6-month-old ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice fasted for 24 h are comparable to WT animals. WT males: 115.6 Ϯ 2.5 g/dL, n ϭ 12 animals; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ males: 103.9 Ϯ 1.3, n ϭ 19; WT females: 96.9 Ϯ 2.5, n ϭ 18; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ females: 85 Ϯ 1.6, n ϭ 19. B, Plasma insulin levels are similar as measured by Ultrasensitive Enzyme Immunoassay (EIA) in P30 -P35 WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice. WT: 0.25 Ϯ 0.07 ng/ml, n ϭ 14 animals; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ : 0.24 Ϯ 0.04, n ϭ 9. C, CSF insulin levels as measured by EIA are comparable between WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ P30 -P35 mice. WT: 0.19 Ϯ 0.04 ng/ml, n ϭ 15 animals; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ : 0.20 Ϯ 0.04, n ϭ 9. D, Food intake measurements normalized to body weight in mice at 20 weeks of age show no significant difference between WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ . WT: 121.1 Ϯ 6.6 mg/g body weight, n ϭ 36 animals; ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ : 125 Ϯ 3.4, n ϭ 32. E, Body weight measurements in WT and ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice from 6 to 70 weeks of age. ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice on a regular chow diet weighed slightly less than controls at all ages, but this difference was not statistically significant at any age measured (n ϭ 13-17 mice per genotype and sex). F, Average life span is unchanged in ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice relative to WT (n Ͼ 13 for each genotype and gender). For A-E, values are mean Ϯ SEM, and Student's t test shows no significant difference between genotypes. For all measures, there were no significant differences between genotypes for males or females analyzed separately, and therefore (B-D) show pooled data for male and female ␤2m Ϫ/Ϫ TAP Ϫ/Ϫ mice versus age-and sex-matched controls. 
